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Abstract
The present work focuses on a three-dimensional CFD approach to predict the performance of various heat exchangers in conjunc-
tion with non-isothermal transitional flows for motorsport applications. The objective of this study is to determine the heat transfer,
pressure drop and inhomogeneous flow behaviour for distinct heat exchangers to identify an optimum configuration for the charge
air cooler, water and oil radiators placed in the sidepods of a formula one (F1) car. Therefore, a comprehensive analysis of various
heat exchanger configurations has been carried out in this work. In order to assess the reliability of the obtained results, a mesh
sensitivity study along with additional parametric investigations have been performed to provide numerical parameters predicting
accurately a) the heat transfer rate at the fluid-solid interface and b) the sporadic separation. As a result of the performed validation
procedure in this study, the aerodynamic- and thermal boundary layer development along with the convective characteristics of the
air flow have been captured accurately near to the heated surface. The characterization of a heat exchanger core and a core config-
uration in a closed domain is also possible with this procedure. The presented three-dimensional CFD approach could overcome
the difficulties of macroscopic heat exchanger and porous media methods for F1 applications, because it can be used to predict the
heat transfer and pressure drop related to the mass flow rate correlation curves. The contribution of fins to the total heat transfer
rate has been predicted theoretically, and application benchmark test cases have been presented to analyze five different heat ex-
changer configurations in accordance with the 2014 formula one technical regulations. The numerical data extracted directly from
three-dimensional CFD simulations can be used in the sidepod design process of the external cooling system of F1 engines.
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1. Introduction
Heat exchangers in automotive and motorsport applications
often operate at flow velocities corresponding to Reynolds num-
bers indicative of the laminar-to-turbulent transitional flow re-
gime [1]. Therefore, robust and accurate numerical simula-
tions are required to predict gradients of all flow field vari-
ables correctly. High-resolution meshes and advanced engin-
eering turbulence modelling approaches are capable of captur-
ing sporadic separations and adverse pressure gradients in the
boundary layer of heated surfaces. In the field of computational
fluid dynamics (CFD), traditional numerical procedures usually
employ the porous media method where the implementation of
the heat transfer to mass flow rate curves are pre-determined
[2, 3]. Due to the constraint of semi-empirical correlations, the
porous media approach could loose its accuracy related to those
real world applications where sporadic separation and/or non-
adiabatic pressure drop is observed. The non-linear nature of
heat transfer and pressure drop requires a more accurate simula-
tion approach than the use of semi-empirical correlations or the
porous media method. Therefore, the present work focuses on
an advanced computational engineering procedure to determine
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performance curves of various heat exchanger configurations
relying on direct three-dimensional CFD heat transfer simula-
tions for a formula one (F1) car sidepod.
An intensive development on different heat exchanger design
including air-cooled ones was carried out over the past fifty
years. Application of direct CFD methods is playing an im-
portant role, because the performance of modern computers is
highly increased. Bhutta et al. [4] carried out a detailed re-
view on advanced CFD applications in various heat exchangers
design. Wang et al. [5] focused on the investigation of the
data reduction method for air-side performance of fin-and-tube
heat exchangers, because this method for the air-side heat coef-
ficients were not relying on a consistent approach in the literat-
ure. Xie et al. [6] performed numerical parametric studies and
obtained multiple correlations on air-side heat transfer and fric-
tion characteristics when large number of large-diameter tube
rows were considered. Borrajo-Peláez [7] carried out a three-
dimensional CFD study to compare the air-side model with
the air/water model for a plain fin-and-tube heat exchanger.
Koplow [8] proposed a fundamentally novel approach to air-
cooled heat exchangers highlighting that CFD data would be
very useful in the transitional flow regime for device optimiza-
tion purposes. Fugmann et al. [9] evaluated the performance of
air-based heat rejection system related to simulation methods.
Erek et al. [10] presented CFD simulation data on the influ-
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ences of the fin geometry on heat transfer and pressure drop for
a plate fin-and-tube heat exchanger. Bhuiyan et al. [11] per-
formed a three-dimensional CFD analysis on plate fin-and-tube
heat exchangers providing reliable numerical data in the trans-
itional flow regime. Bhuiyan et al. [12] investigated the effects
of performance parameters for turbulent flows as well.
Heat exchangers use fins to enhance heat transfer by in-
creasing the heat transferring surface area and inducing tur-
bulent mixing [13, 14]. Louvered fin geometry aids the re-
establishment of high temperature gradients near the surfaces
which enhance solid to fluid thermal energy exchange [15–
22]. The work of Salim and Cheah [23] suggests that a nu-
merical procedure for simulating heat transfer should model
the near-wall region accurately to capture the large gradients of
the solution variables. Therefore, an advanced grid generation
strategy for complex heat exchanger geometries has to incor-
porate prismatic layered elements aligned to all surfaces with
smooth transition into the upper tetrahedral mesh region.
Huang et al. [24] stated that the porous media method ad-
mittedly gives poor correlation to test results under certain
conditions when the energy equation is not resolved prop-
erly.Therefore, a three-dimensional CFD approach is recom-
mended to perform a conclusive analysis on heat exchanger
performances including the visualisation of vortical structures,
pressure gradients, temperature distributions and separation
events which are present in the physical and computational do-
main [25]. An adequate prediction of relevant process paramet-
ers gives an opportunity for the optimization of heat exchanger
configurations, which can yield power-unit performance, pack-
aging and drag reduction benefits for F1 car applications.
The objective of the present 3D CFD study is to identify an
optimum configuration for the charge air cooler, water and oil
radiators placed in F1 sidepods in accordance with the 2014 F1
technical regulations (see Figure 1). The sidepod is an external
bodywork of F1 cars related to the external cooling system of
F1 engines which cannot be found in common vehicles [26].
Figure 1: Five distinct heat exchanger configurations to determine an optimum
one for the charge air cooler, water and oil radiators placed in the sidepods.
In this paper, the aforementioned configuration is defined
and referred as the relative placement of the heat exchangers
with respect to each other in the sidepod domain (see Figure 1).
The outer air-side of the heat exchanger configurations has been
considered which is also called as the cold side, because it con-
tains the cooling air. Sporadic separation in the transitional flow
regime and vortical flow structures exiting the cooling cores
have an impact on the pressure gradients at the sidepod outlets
which directly affect the performance of vehicle aerodynamic
surfaces. The presented three-dimensional CFD approach over-
comes this problem and predicts the vortical flow structures and
heat transfer rates from a heat exchanger configurations that ac-
counts for real world applications in the design of F1 sidepods.
In Configurations 1 and 2, the shape of the sidepod inlet duct
is triangular and the heat exchanger shape is rectangular as well
as the low angle of incidence between the inlet air flow and
the cores. In Configuration 3, the oil radiator is placed at the
bottom of the sidepod domain in a third tier to provide an addi-
tional aerodynamic resistance at the bottom of the sidepod. This
radiator placement helps to redistribute the air mass flow uni-
formly through the cores to overcome the technical difficulties
encountered in Configurations 1 and 2. The redistribution of
mass flow rate across the cores allows for higher net heat trans-
fer rates and a reduction of the air flow turbulent intensity in the
rear section of the sidepod domain. This effect is advantageous,
because a uniform velocity distribution through the cores can
lead to a reduction in the pressure drop. In Configurations 4
and 5, the oil and water radiators are placed in a similar posi-
tion to the 2013 generation of formula one cars with charge air
cooler placed upstream and downstream of the radiators.
To evaluate the performance of different heat exchanger con-
figurations for motorsport applications, the accuracy and reliab-
ility of engineering turbulence models has to be assessed in the
laminar-to-turbulent transitional flow regime. The uncertainty
of numerical approaches to transitional flows can be predicted
through a mesh sensitivity study related to each employed en-
gineering turbulence model. To obtain physically correct nu-
merical results for non-isothermal transitional flows through
complex heat exchanger geometries, it is necessary to verify
the implementation of the initial and boundary conditions and
develop model parameters on an appropriate benchmark prob-
lem. For non-isothermal transitional flows, the heat transfer rate
can be calculated theoretically from the hot internal fluid to the
cold outer fluid in a thin tube of a heat exchanger, which is con-
sidered as a benchmark for model validation purposes [27–32].
To investigate the performance characteristics of a cooling
system of a formula one car, the contribution of the fins to heat
transfer has been predicted theoretically and the resultant Nus-
selt numbers have been calculated for each flow condition based
on the CFD simulation results. Due to the competitive nature of
the motorsport industry, there is a lack of experimental and nu-
merical data available in the literature for the performance and
design of complex heat exchanger configurations in current F1
applications. It is increasingly important to find the correct and
optimum heat exchanger configuration, because heat rejection
requirements have gone up for the new engines, but the packing
and aerodynamic constraints are remained the same. This work
provides three-dimensional CFD simulation data for five dif-
ferent heat exchanger configurations which can be used in the
design process of the external cooling system of F1 engines.
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2. Governing Equations and Solution Methodology
For modelling incompressible, non-isothermal transitional
flows, the mass, momentum and energy conservation equations
are solved along with different Reynolds-Averaged Navier-
Stokes (RANS) engineering turbulence models. The conser-
vation of mass can be written with index notation as
∂ui
∂xi
= 0, (1)
where ui is the velocity vector. To compute the viscous shear
drag induced pressure drop across the domain, the Reynolds’
conservation of momentum equation can be considered as
ρu j
∂ui
∂x j
= ρgi − ∂p
∂xi
+ µ
∂2ui
∂x j∂x j
+
∂
∂x j
(
−ρu′iu′j
)
, (2)
where ρ is the fluid density, gi is the vector of the conservative
gravity field, p is the hydrodynamic pressure, µ is the dynamic
viscosity of the fluid, and u′i is the velocity fluctuation vector.
The elements of the Reynolds’ stress tensor Ri j = −ρu′iu′j in Eq.
(2) can be modelled by applying engineering turbulence mod-
els for the closure problem. The energy equation is solved to
take into account the thermal energy exchange from the heated
surfaces to the cooling air, including the viscous dissipation as
ρcpu j
∂T
∂x j
= u j
∂p
∂x j
+
∂
∂x j
(
λ
∂T
∂x j
)
−
−ρcp ∂
∂x j
(
u′jT ′
)
+ ϕD + ρε + ϕS , (3)
where cp is the specific heat capacity, λ is the thermal conduct-
ivity, T ′ is the local temperature fluctuation, ϕD is the viscous
dissipation function, ε is the turbulent energy dissipation, and
ϕS represents heat sources in the computational domain. Each
turbulence model predicts the Reynolds’ stress distribution with
different mathematical assumptions through modelling velocity
and temperature fluctuations. Therefore, the accuracy and per-
formance of seven turbulence models have been assessed and
analyzed to select the most accurate and efficient modelling ap-
proach to various complex heat exchanger configurations.
The heat transfer rate can be increased through louvered fin
geometry and vortex generators to enhance turbulent mixing
and high temperature gradients near the surfaces [13, 14, 33].
To compute the heat transfer from the fins, temperature gradi-
ents along the length of the fins have to be expressed with vari-
able convection coefficients or a fin efficiency factor [34]. The
contribution of fins influences the overall performance of a heat
exchanger which can be determined by using engineering for-
mulae for the fin effectiveness parameter m, the surface area of
the base tube Abase and the thermal efficiency of a fin η f in. The
fin effectiveness parameter m can be calculated [34] by
m =
√
2 · hbase
k · δ f in , (4)
where k is the thermal conductivity of aluminium taken as 237
W/(mK) [34], δ f in is the fin thickness, and the local convective
heat transfer coefficient of the base tube can be predicted as
hbase =
Q˙base
Abase (Tbase − Tair) , (5)
where Q˙base is the heat transfer rate of the thin tube obtained
from the CFD simulation, Tbase is the temperature of the base
tube and Tair is the air temperature at 298 K. It is important
to note that Q˙base is depending on the Reynolds number, tem-
perature, surface area and material properties. The base tube
Nusselt numbers Nu can also be computed relying on the CFD
simulation results by using Eqs. (4) and (5) as
Nu =
hbase · Dh
k
, (6)
where Dh is the hydraulic diameter. This direct method of cal-
culating the contribution of fins to the total heat transfer could
overcome the difficulties of the porous media method, because
there is no need for any prior knowledge on the fins in this case.
Furthermore, this direct approach incorporates the theoretically
predicted local convective heat transfer coefficients (5) with the
computation of Nusselt numbers (6) based on the CFD sim-
ulations. By using all of these values for each flow velocity
condition, the thermal efficiency of a fin is predicted [34] as
η f in =
Q˙ f inreal
Q˙ f inideal
=
tanh
(
m · l f in
)
m · l f in . (7)
where Q˙ f inreal is the sum of the real heat transfer rates of the
fins, Q˙ f inideal is the sum of the maximum heat transfer rates of
the fins, and l f in is the length of the fin. The total performance
of a heat exchanger in one data point can be calculated by
Q˙tot = hbase ·
(
Abase + A f ins · η f in
)
· (Tbase − Tair) , (8)
where each data point represents one heat exchanger tube with
a set surface temperature at a specified inlet flow velocity. Re-
lying on this approach in conjunction with CFD simulations,
the heat transfer rate and pressure drop curves can be predicted
with the advantage of capturing the three-dimensional flow
structures inside the sidepod. The heat transfer rate and pres-
sure drop curves have been extracted from the data set of the
three-dimensional CFD simulations. For post-processing pur-
poses, User-Defined Functions (UDFs) by using the ANSYS-
FLUENT environment and MATLAB scripts have been imple-
mented to investigate different heat exchanger configurations.
A second-order upwind discretization scheme has been used
for computing the convective flux terms [4]. For the pressure-
velocity coupling, the PRESTO (PREssure STaggering Option)
algorithm has been selected as it provides an improved numer-
ical accuracy and robustness for solving non-isothermal trans-
itional flows in a strongly curved domain. The V6 internal
combusion engine simulation is performed by using the AVL
BOOST engine simulation software tool, and we refer to the
V6 engine design and simulation carried out in [35].
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3. Mesh Sensitivity Study with the Assessment of Seven
Turbulence Models for Transitional Flows in a Thin Tube
The primary target of mesh sensitivity and parametric studies
is to determine the total heat transfer rate (8) from the hot in-
ternal fluid to the cold outer fluid. The numerically predicted
heat transfer rates can be compared to the theoretically cal-
culated value of 26.22 W [34, 36], to assess the accuracy of
seven engineering turbulence models in a thin tube of a heat ex-
changer. The mesh refinement study has been carried out on a
fluid domain of a 0.5 m long tube with inner and outer diamet-
ers of 19 mm and 20 mm, respectively. The air flow velocity
of 4 m/s was considered with an inlet temperature of 118.5 ◦C
on the internal domain, with air flowing transversely over the
tube with an inlet temperature of 20 ◦C and inlet velocity of 4
m/s in the outer domain. The internal air flow is transitional at
the Reynolds number of 3295 which means that the laminar-to-
turbulent velocity distribution is not fully-developed yet [37]. It
is crucial to determine the air flow behaviour in the transitional
flow regime accurately, because it has an influence on the net
thermal energy exchange from the hot inner fluid through the
wall to the cold outer fluid. In addition to this, separation events
influence the flow structure and temperature gradients near the
heated wall surfaces of heat exchangers, which in turn influence
the local heat transfer rate. Therefore, it is important to model
the flow convection and diffusion characteristics accurately to
gain confidence in the reliability of CFD simulation results.
The mesh refinement consisted of six different grid-levels
(see Table 1) and parametric studies have been performed by
employing seven different engineering turbulence models (see
Table 2) to select the most accurate modelling approach for
simulating various heat exchanger configurations in Section 4.
To determine the optimum number of grid cells along with the
most suitable turbulence model to compute the heat transfer rate
accurately, the reliability study can be divided into two parts.
In the first stage, the mesh density was systematically increased
by reducing the volume element and surface sizing dimensions,
and the accuracy of the Transitional SST (Shear Stress Trans-
port) turbulence model is assessed by predicting the heat trans-
fer rate. Each mesh refinement step led to increased accuracy of
the simulation results with an improved prediction of the heat
transfer rate value. It can be seen that this turbulence model re-
quires approximately 22 million cells to predict the heat transfer
rate close to the theoretical value of 26.22 W (see Table 1). To
reduce the computational cost and assess the reliability of this
transitional model, it is necessary to evaluate the performance
of other turbulence models on a coarser mesh (see Table 2).
Table 1: Results of mesh refinement on six different grid-levels.
Grid Meshing Techniques Number of Cells Heat Transfer Rate and Rel. Error
1 Default Settings with Fine Sizing 305 161 30.74 W 17.23%
2 Sizing Relevance set to 100% 1 145 778 30.78 W 17.39%
3 Surface Sizing to 0.1mm 2 417 092 30.29 W 15.52%
4 Surface Inflation, 10 Layers 3 262 075 27.47 W 4.76%
5 Inner Fluid Body Sizing to 0.1mm 11 084 992 28.06 W 7.01%
6 Surface Sizing to 0.05mm 22 206 149 26.51 W 1.1%
In the second stage of the reliability study, grid-level 4 has
been chosen as a coarser baseline mesh to evaluate the accuracy
of other turbulence models in predicting the heat transfer rate
compared to the theoretical value (see Table 2). The reason
for this choice is that the optimum number of computational
cells for this thin tube problem can be considered between 3
and 4 million elements, because the results does not change
significantly between grid-level 4 and 6. Note that the inclusion
of a surface inflation layer in the meshing procedure between
grid-level 3 and 4 improved the capability of capturing thermal
and aerodynamic boundary layers as well as adverse pressure
gradients in the near-wall region (see Table 1).
Table 2: Results of parametric study by using seven turbulence models.
Engineering Turbulence Model Heat Transfer Rate and Rel. Error
1. Standard k-ε 61.01 W 132.68%
2. Re-Normalization Group (RNG) k-ε 59.84 W 128.22%
3. Realizable k-ε 45.99 W 75.40%
4. Transitional kkl-ω 33.78 W 28.83%
5. Standard k-ω 33.86 W 29.13%
6. k-ω SST 32.84 W 25.24%
7. Transitional SST 27.47 W 4.76%
Theoretically Predicted Reference Value 26.22 W
It can be seen in Tables 2 and 3 that the Transitional SST
model most accurately predicts the heat transfer rate compared
to the theoretically calculated value of 26.22 W. By comparing
the Realizable k-ε to the Transitional SST model for six suc-
cessively refined meshes, the Transitional SST model achieves
lower residuals after 3000 iterations on a coarser mesh for the
continuity and energy equations. These results indicate that the
Transitional SST model would be more accurate and robust for
solving the governing equations of non-isothermal transitional
flow problems in complex geometries (see Tables 2 and 3).
Table 3: Convergence residuals of mesh refinement and reliability studies.
Continuity Equation Continuity Equation Energy Equation Energy Equation
Grid-Level Realizable k-ε Transitional SST Realizable k-ε Transitional SST
1 1.86e-3 5.55e-5 1.01e-6 2.28e-7
2 2.54e-3 1.60e-5 7.21e-7 9.14e-8
3 1.50e-3 1.14e-5 4.09e-7 7.95e-8
4 4.94e-6 8.10e-6 7.57e-8 7.53e-8
5 6.60e-6 1.20e-6 7.59e-8 7.36e-8
6 6.90e-6 5.25e-6 1.07e-7 6.89e-8
4. Results and Discussions
In this Section, the relative heat exchanger placement in an
F1 car sidepod domain, which influences the holistic perform-
ance of formula one cooling systems, has been investigated for
five distinct configurations (see Figure 1). The fin effects on
heat transfer were studied extensively by Chang and Wang [13],
and Oliet et al. [38] showed that the increment of the fin dens-
ity increases the heat transfer rate at the cost of the increased
pressure drop. In the present work, the air inlet temperature has
been set to 298 K and the wall temperatures of the charge air
cooler, oil and water radiators have been set to 377 K, 385.5
K and 380.5 K, respectively. The inlet flow velocity has been
ranged stepwise from 0.1 m/s to 90 m/s. An example computa-
tional mesh of the heat exchanger Configuration 3 with approx-
imately 25 million elements is shown in Figure 2. A prism-
tetrahedral hybrid mesh has been generated along with an in-
flation layer applied to the domain outer surface including the
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charge air cooler, water and oil radiator walls. The first layer
thickness was 0.05 m with the number of maximum layer 10
and with 10% growth to capture the boundary layer flow, sep-
aration phenomenon and heat transfer rates accurately.
Figure 2: Computational mesh of the heat exchanger Configuration 3 placed in
the sidepod with approximately 25 million elements.
To determine an optimum heat exchanger configuration for
the charge air cooler, water and oil radiators placed in the side-
pod of formula one cars, the highest net heat transfer rate has to
be identified which has an impact on the performance of the en-
tire configuration. After extracting all computational data from
the three-dimensional CFD simulations, the pressure drop and
heat transfer rate versus mass flow rate curves have been non-
dimensionalized based on their maximum values. Therefore,
each curve tends to the maximum value of one in Figures 3
and 5. The use of dimensionless pressure drop and heat trans-
fer rate are advantageous in these cases, because it is possible to
validate the obtained CFD simulation results and all dimension-
less curves can be compared to other studies [24, 38–40] when
slightly different mass flow rates and heat exchanger sizes were
used by other authors relevant to the present study.
The pressure drop across a heat exchanger increases expo-
nentially with an increase of the air flow velocity (see Figure 3).
The area ratio between the sidepod and the heat exchanger in-
let faces governs the pressure gradient within the sidepod. The
inlet shape of the sidepod relative to the heat exchanger core
shape and the flow velocity incidence angle results in a non-
uniform mass flow rate distribution biased toward the lower in-
board region. The non-uniform volume expansion of the duct
results in a non-uniform mass flow rate through the cores which
causes non-uniform local pressure drops and heat transfer rate
distributions from the tubes. It means that any non-uniformity
of the air flow has an impact on the sub-optimal system per-
formance which can be explained by the non-linear relationship
between the pressure drop and the heat transfer rate related to
mass flow rate [5–7, 11, 12, 16–18, 41–49]. The heat exchanger
applications investigated by Huang et al. [24], Oliet et al. [38]
and Yang et al. [39] are similar to the numerically simulated
cases in the present work. As an example, for Configuration 2,
the pressure drop increases across the mass flow rate range and
exhibits non-linear behaviour which corresponds to the afore-
mentioned relevant studies [24, 38, 39] (see Figure 3). Rely-
ing on the simulation results for each configuration, it can be
seen in Figure 4 that the increase in pressure drop versus mass
flow rate curves does not necessarily exhibit a smooth theoret-
ically expected exponential behaviour. The reason is that the
variation in pressure drop is a result of the time-dependent and
sporadic separations that occurs on the rearward facing surfaces
of the heat exchanger cores in the laminar-to-turbulent trans-
itional flow regime.
Figure 3: Dimensionless pressure drop [-] versus dimensionless mass flow rate
[-] curve of the heat exchanger Configuration 2 compared to other studies.
Figure 4: Pressure drop (Pa) versus mass flow rate (kg/s) curves of distinct
heat exchanger configurations.
The simulation results of Configuration 1 showed that the air
tended to flow down across the inlet face resulting in a bias
of mass flow towards the lower section of the cores. This is
due to the fact that the oil radiator of Configuration 1 is placed
below the water radiator and charge air cooler in order to eval-
uate the vertical heat transfer distribution. Configuration 2 is an
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example of a parallel stack arrangement in the sidepod where
the longer cores result in a well-developed aerodynamic and
thermal boundary layers which lead to reduced heat transfer
rates near the rear part of the tubes. This has the effect of re-
ducing the operative flow area, where the cooling air is able to
flow with a uniform free-stream velocity, will lead to an aerody-
namic resistance at the inlet section. Therefore, a higher pres-
sure drop for a lower mass flow rate range can be seen for Con-
figuration 2 in Figure 4. In Configuration 3, the placement of
the oil radiator low in a third tier balances the aerodynamic res-
istance across the core stack and the uniformity of the result-
ant mass flow rate, which contributes to the overall heat trans-
fer, pressure drop and sidepod outlet flow conditions. Config-
uration 5 yields a higher pressure drop than Configuration 4,
because the longer cores in the front tier lead to a local flow
rate increase and a higher pressure drop across the shorter rear
cores. The results suggest that the optimum configuration for
a minimum pressure drop penalty perspective could be either
Configurations 1,3 or 4 as they yield the lowest pressure drops
across the entire mass flow rate range (see Figure 4).
Figure 5: Dimensionless heat transfer rate [-] versus dimensionless mass flow
rate [-] curve of the heat exchanger Configuration 4 compared to other studies.
The primary performance metric of a heat exchanger is the
ability to reject thermal energy per unit time for a cooling air
mass flow rate. A higher heat rejection rate per unit volume of a
heat exchanger core is important to motorsport applications, be-
cause this allows for smaller heat exchangers and tighter pack-
aging of the rear body-work to the center line of the car, which
improves the rear-end aerodynamic efficiency of the vehicle.
Therefore, the optimum heat exchanger configuration is that
one which rejects the highest rate of thermal energy per unit of
cooling air mass flow rate and for the lowest pressure drop. The
heat rejection curves published by Huang et al. [24], van Zyl et
al. [40] and Oliet et al. [38] are relevant to the present study,
because they investigated similar automotive applications. For
Configuration 4, the numerically predicted heat rejection rates
have been compared to other studies [24, 38, 40], where coher-
ency is found. The variation in these results can be explained
by the unique installations and fin geometry (see Figure 5).
Figure 6: Charge air cooler heat transfer rate (kW) versus mass flow rate (kg/s)
correlation curves.
Configuration 4 yields the highest charge air cooler heat
transfer rate throughout the specified inlet mass flow rate range
(see Figure 6). This is due to the fact that the charge air cooler
is placed upstream and it receives the cooling air at its nom-
inal temperature by having a thinner section but larger projected
face area. This result is supported by the obtained simulation
data for Configuration 5 where the charge air cooler is placed
downstream of the radiators which receives a slightly warmer
air. It means that this charge air cooler has a lower net surface
to air temperature difference compared to the charge air cooler
placed in Configuration 4 even though both charge air coolers
have the same shape and geometrical size. It can also be seen in
Figure 6 that Configuration 2 has the lowest heat transfer rate,
because it has longer charge air cooler cores near the top of
the stack, which receives less air flow, and a thermal boundary
layer develops near the rear of the core. The heat transfer rate
slightly decreases when the mass flow rate increases from 6 to
7 (see Figure 7), because there is an alteration in the mass flow
rate distribution through the cores which occurs due to the tran-
sient nature of separation along the longer cores. By placing a
relatively cooler heat exchanger upstream, more thermal energy
can be transferred, because the net surface to air temperature
difference across the entire cooling system is optimized for the
holistic heat transfer from a given heat exchanger configuration.
This design strategy was employed for turbocharged engines in
the automotive industry over recent years. When analyzing the
effect of the thermal solution on the overall performance of the
entire configuration, it can also be seen that Configuration 4 has
the highest net heat transfer rate compared to other investigated
configurations in this study (see Figures 6 and 7).
The underlying physics of the numerical results can be ex-
plained by the heat exchanger surface to the cooling air tem-
perature difference across the holistic heat exchanger config-
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Figure 7: Heat transfer rate (kW) versus mass flow rate (kg/s) correlation curves
of distinct heat exchanger configurations.
uration. In Configuration 4, the charge air cooler is placed
in front of the hotter oil- and water radiators which has a re-
latively lower surface temperature, where the thermal energy
is transferred by the charge air cooler in the front section of
this configuration. Therefore, the amount of thermal energy
transferred to the ambient temperature cooling air is relatively
less compared to other configurations. Once the cooling air has
passed through the first core, it will have an elevated temperat-
ure, which determines the cooling air to the heated surface tem-
perature difference of the next heat exchanger surface down-
stream. By placing the heat exchanger with the lowest tem-
perature upstream, it allows for the hotter rear section of the
heat exchanger matrix to transfer more thermal energy to the
warmed up cooling air, thus the resultant net heat transfer rate
to the air will be increased. In the other way around, as it can be
seen in the case of Configuration 5, the cooling air has more en-
ergy to be transferred and it passes through the first tier due to a
higher surface to air temperature difference for the liquid radi-
ators. Then, the second tier of this configuration cannot transfer
the same amount of thermal energy, due to having a lower sur-
face to air temperature difference. However, in Configuration
4, the hotter surfaces are placed in the second tier of the heat
exchanger stack, thus the holistic surface to air temperature dif-
ference is higher, therefore, the overall system heat transfer rate
is the highest over the range of the cooling air mass flow rate.
Thus, the numerical results of the present study suggest that it
is beneficial to place thinner cores with larger inlet face areas in
a series stack arrangement with a front to back order which is
determined by an increasing surface temperature hierarchy. It
can also be concluded that Configuration 4 is the optimum heat
exchanger configuration for charge air coolers. This is due to
the fact that it rejects the highest rate of thermal energy from
the charge air cooler and from the total heat exchanger config-
uration without a relatively severe pressure drop penalty.
The metric of heat rejection divided by pressure drop is eval-
Figure 8: Efficiency of the investigated heat exchanger configurations.
uated as the efficiency of the heat exchanger configurations (see
Figure 8). Configuration 1 and 4 yield the highest efficiency,
because the charge air cooler is placed upstream of the radiat-
ors which allows for effective cooling of the radiators and the
charge air cooler. Configurations 2 and 5 yield the lowest ef-
ficiency, because Configuration 2 has the lowest heat transfer
rates and Configuration 5 has the highest pressure drop.
Figure 9: Charge air cooler (CAC) heat rejection (kW) versus V6 internal com-
bustion engine speed (rpm) correlation curves for each configuration.
The effect of various cooling configurations on the V6 in-
ternal combusion engine performance has been considered by
using the AVL BOOST engine simulation software. The en-
gine simulation has been performed based on the dimension and
position of the charge air cooler by taking into account the effi-
ciency of different cooling configurations. The charge air cooler
heat rejection versus V6 internal combustion engine speed cor-
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relation curves for each configuration is shown in Figure 9. It
can be seen again that Configuration 4 yields the highest heat
rejection from the charge air cooler, because it has a larger inlet
surface area with a minimum pressure drop and temperature in-
crease of the cooling air before the radiators in the sidepod. To
satisfy charge air cooler heat rejection requirements shown in
Figure 9, the minimum air mass flow rate has to be considered
as approximately 1.2 kg/s for Configuration 4 (see Figure 6).
To the heat rejection of 37.8 kW, e.g. Configuration 4 required
0.3 kg/s less air mass flow rate compared to Configuration 1.
Figure 10: Temperature difference (K) versus V6 internal combustion engine
speed (rpm) correlation curves for each configuration.
To investigate the performance of various heat exchanger
configurations through the simulation of the transitional air flow
in the sidepod — which investigation is essentially related to
sidepod design of the external cooling system of F1 engines —
wall temperature boundary conditions for the charge air cooler
and the corresponding radiators have to be imposed. Temperat-
ure difference versus V6 internal combustion engine speed cor-
relation curves for each configuration have been estimated by
using the AVL BOOST software tool (see Figure 10). The im-
portance of the investigation of the transitional air flow in an F1
car sidepod domain is that the effective cooling of the air will
reduce the average running temperature of the engine, thus ex-
tending the life of the engine and its components. More details
on the V6 engine design and simulation can be found in [35].
The variation in the numerical results between each config-
uration for the pressure drop is purely depending on the geo-
metry and layout of each heat exchanger configuration. It can
also be seen in Figure 11 that the iso-surfaces on the rearward
facing section of the heat exchanger depict a snap shot of the
sporadic separation. The minuscule buoyancy effects in the
thermal boundary layer near the rear section of the tubes were
observed to aid separation on the upward facing heated surfaces
and suppress separation on the downward facing surfaces. In
the cold air volumes between the cores, the Meredith effect [50]
is present, because an air acceleration occurs as the air warms
Figure 11: Vortical structures in the sidepod rear section with Q-criterion of
0.018 iso-surfaces.
up. This effect is caused by the decrease in air density which
can be seen in the equations of the natural gas law and the con-
servation of momentum. The increase in the air temperature
can be associated with a slight increase in air velocity which
results in a different pressure drop behaviour compared to an
adiabatic simulation, because the pressure drop is proportional
to the velocity squared. The Meredith effect is also respons-
ible for the variation in heat exchanger pressure drop which is
observed between real and adiabatic tests in climatic chambers.
It is important to capture the physical effects of complex flow
structures in a full car simulation, because the pressure gradi-
ents at the outlet duct of the sidepod influence the aerodynamic
interaction between the sidepod flow, monkey seat, rear diffuser
and rear wing. It has also an impact on the aerodynamic effi-
ciency of the rear section and the resultant loading on the rear
tyres depends on the vehicle speed and the yaw angle.
Figure 12: Outlet face pressure distribution relative to inlet face.
At the outlet duct of the generic sidepod shown in Figure 12,
the circular regions coloured blue are representative of lower
pressure zones. These zones are associated with the centers of
sustained vortices where the centrifugal forces of the rotating
air reduce the pressure inside the vortex filament, which in turn
induces centripetal acceleration of the fluid flow to sustain each
vortex. These regions of lower pressure correspond to the core
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filaments and it can be confirmed by the iso-surface of the Q-
Criterion vorticity 0.018 (see Figure 11). The central cores of
these vortices usually have low turbulent intensity levels due to
the viscous dissipation from the high relative velocities. The
decrease in pressure is associated with a longitudinal accelera-
tion of the flow along the length of the vortex filament.
The inlet and outlet shapes of the sidepods in formula one,
and indeed most motorsport applications, generally do not take
the form of the exhibited rectangular heat exchangers. In par-
ticular, the inlet duct shapes are optimised for external aerody-
namic efficiency, which take into account the front tire wake,
Y-250 vortices, barge boards, nose cone vortices, front sus-
pension and other aerodynamics factors. Teams and suppli-
ers collaborate to produce heat exchanger cores that conform
to external aerodynamic requirements and internal packaging
restrictions inherent in motorsport, however, there will inevit-
ably be some non-uniformity of the flow velocity across the
heat exchanger surfaces. In the present study, this problem has
been depicted through the use of typical formula one shaped
inlet and outlet ducts and a rectangular heat exchanger geo-
metry. Due to the non-uniform volume expansion in the side-
pod inlet domain, the resulting non-uniform pressure gradients
induce lateral flow components in the front section of the side-
pod, and turbulent vortices in the rear section of the side pod
downstream of the cores. These flow characteristics are asso-
ciated with aerodynamic inefficiencies and unwanted pressure
drops across the sidepod ducts. The computational engineer-
ing approach presented in this paper enabled the simulation
of the flow through the heat exchanger cores and the result-
ing sporadic separation events, vortices and outlet face pressure
distributions. The high resolution of flow capture was made
possible by the high density mesh and the Transitional SST tur-
bulence model, whereas the use of the macroscopic heat ex-
changer model or porous media method might be too simplistic.
5. Conclusions
In this work, we presented a three-dimensional CFD ap-
proach which can be used in the holistic aerodynamics per-
formance evaluation of various heat exchanger configurations.
The aerodynamic effect on the rest of the vehicle can also be
taken into account including the physically correct capturing of
the Meredith effect and real non-adiabatic pressure drops across
heat exchangers. This work provided numerical data to identify
an optimum heat exchanger configuration for charge air coolers,
which can be used in the design process of cooling systems.
A detailed approach for numerically determining the pressure
drop and heat transfer rate characteristics of a heat exchanger
operating in transitional flow regime has also been provided.
This was achieved by directly simulating the heat transfer from
a core tube and theoretically incorporating the contribution of
fins to heat transfer rates. As it is not possible to model thou-
sands of fins in any CFD process and predict their effect on the
heat exchanger performance, a theoretical approach was adop-
ted to take into account the contribution of fins to the total heat
rejection from each configuration, respectively.
This work includes a mesh refinement and a parametric study
which led to the utilization of the Transitional SST engineering
turbulence model and a very fine mesh with surface inflation
to accurately capture boundary layer development and separa-
tion prediction in the transition flow regime. Note that six dif-
ferent computational meshes, instead of the usually employed
three grid-levels, have been used to achieve grid independent
numerical solutions and estimate the optimum number of cells
for complex heat exchanger configurations. The flow fields can
be accurately predicted by using a numerical solver to (1) re-
solve the boundary layer development in the transitional flow
regime, (2) take into account the adverse pressure gradients
on the rearward facing surfaces which induce separation, and
(3) model correctly the convection and diffusion characteristics
of the fluid flow. The evaluation of the effect of the heat ex-
changer positions relative to each other in the sidepod includ-
ing investigations on the overall pressure drop and heat transfer
performances have also been presented in this work. The full
simulation of the sidepod domain and heat exchanger cores al-
lows for valuable insight into the flow structures, which provide
opportunities for further geometry optimization of the sidepod
domain, heat exchanger configurations and the shape of core
tubes, which could yield performance advantages worth a time
benefit on-track. The insight provided by comprehensibly cap-
turing the flow structures arising from the complex geometry
allows improved physical representation of on-track flow beha-
viour in the CFD simulation environment. This aids physical
data correlation as motorsport systems increase in complexity
and numerical methods develop accordingly. This method of
flow capturing can also be extended to the transient application
of on-track behaviour of following another vehicle and real time
effects of heat rejection, which governs the charged air inlet and
power-unit coolant temperatures, respectively.
The highest performing configuration for multiple heat ex-
changers in a fixed sidepod domain has been determined as the
Configuration 4. The placement of a thinner but wider charge
air cooler upstream of the hotter fluid radiators results in an im-
proved holistic surface to air temperature difference across the
configuration, and a higher net heat transfer rate for an inlet
mass flow rate range. A series stack arrangement with a tem-
perature ascending hierarchy is determined to be optimal over
a parallel stack arrangement for this application, the stated geo-
metric constraints and boundary conditions. This solution could
be used by motorsport teams in a bid to reduce the overall size
of the heat exchanger cores to minimize the vehicle drag and
maximize the power-unit waste heat rejection.
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 Three-dimensional CFD transitional flow simulations in formula one car sidepods. 
 Determination of an optimum heat exchanger configuration placed in the sidepods. 
 Prediction of heat transfer and pressure drop to mass flow rate correlation curves. 
 Performance of heat exchanger configurations for non-isothermal transitional flows. 
 Overcome the difficulties of macroscopic heat exchanger and porous media methods. 
Highlights
